The dynamic evolution of nanocatalyst particle shape and carbon composition during the initial stages of single-walled carbon nanotube growth by chemical vapor deposition synthesis is investigated. Classical reactive and ab initio molecular dynamics simulations are used, along with environmental transmission electron microscope video imaging analyses. A clear migration of carbon is detected from the nanocatalyst/substrate interface, leading to a carbon gradient showing enrichment of the nanocatalyst layers in the immediate vicinity of the contact layer.
Introduction
The availability of large-scale arrays of semiconducting nanotubes with specific structures and perfect alignment would constitute a revolutionary step in the field of electronics allowing for smaller dimensions, higher efficiency, and speed of operation in devices such as field-effect transistors (FET).
1-3 However, such structures are currently lacking, 4 limiting the incorporation of single-walled carbon nanotubes (SWCNTs) into electronic circuits. Approaches to overcome this limitation include separation via assisted dispersion, 5 electrophoresis, 6 ion exchange chromatography 7 and density-gradient ultracentrifugation, 8, 9 allowing separation by electronic behavior (metallic or semiconducting) 5, 6, 8 or specific chiral structure. 7, 9 Alternatively, controlling the nanotube structure during synthesis via control of the catalyst structure is considered a promising strategy. 10 The structure and properties of SWCNTs are believed to be defined during the catalyzed synthesis process. Once the nascent cap is fully formed, its structure is maintained throughout growth, provided the reaction conditions do not drastically change 11 and major rearrangements do not occur in the catalytic nanoparticle. 12 The existence of a correlation between nanocatalyst structure and the nascent nanotube cap, previously observed and reported as the template effect, [13] [14] [15] can play a crucial role defining the nanotube structure and may allow for the development of strategies to control SWCNT morphology during the synthesis process.
SWCNTs are typically synthesized by catalytic chemical vapor deposition (C-CVD), a process carried out with floating or supported transition metal nanocatalysts (Fe, Co, Ni, Cu, etc.) and hydrocarbons, ethanol, or CO as precursors. 16 , 17 SWCNT growth has been observed on both pure metal 18-21 and carbide nanoparticles [22] [23] [24] [25] posing questions about the stability of such phases and their role in the nucleation process and motivating investigation of the catalyst structural evolution during nanotube formation. One of the hypotheses proposed to explain nanotube growth is the vapor-liquid-solid mechanism (VLS); 26 in which carbon atoms diffuse into a liquid nanoparticle followed by nucleation on the catalyst surface and growth. Evidence for this mechanism comes from observation of fluctuations in the nanoparticle shape 24, 27 and decrease in the melting point of nanoparticles. 28 In contrast, direct observations of stable crystalline facets during nucleation and growth 25 indicate that the catalyst nanoparticle may be in a solid state in which its shape may fluctuate, but is stabilized by the forces acting upon it. In the case of supported nanocatalysts, metal oxide substrates are typically used and observed to influence the nanoparticle shape, 23, 29 and the nanotube mode of growth and anchorage in some cases. 30 The nucleation of small carbon islands on the particle surface of floating Ni and Fe catalysts has been investigated with density functional theory (DFT), focusing on the thermodynamics of carbon dissolution, precipitation and coalescence 31, 32 and the stability of carbide 33 compared to that of metal particles 34 during nucleation. Although some insights into the role of dissolved C as the driving force for nucleation have been introduced from these previous studies, most of them were focusing on static analyses of floating catalysts. However, a more thorough description of variations in the structure and composition of the particle due to the effect of interactions with the nascent cap and the support can be obtained from the dynamic evolution of the catalyst and nanotube during nucleation.
In the present work, we focus on the evolution of the structure of the catalyst nanoparticle during the early stages of carbon dissolution and nucleation of SWCNTs. Variations in shape, atomic ordering, and carbon concentration profile are studied by a combination of reactive molecular dynamics (RMD) and ab initio molecular dynamics (AIMD) simulations and analyses of realtime atomic-resolution videos taken in an environmental transmission electron microscope (ETEM). We look closely at the interactions of the nanoparticle with the substrate and the nucleating nanotube cap, and their effect on the nanoparticle structural parameters.
Computational details
Our approach employs two types of molecular simulations. Classical reactive molecular dynamics (RMD) simulations emulate the catalytic growth of single-walled carbon nanotubes in the tens of nanoseconds time scale, whereas ab initio molecular dynamics (AIMD) simulations allow observation of short time phenomena (order of tens of ps) providing detailed information on the chemical nature of the interactions of the involved species. In the RMD simulations the carbon-carbon interactions are described by a reactive bond order potential 35 that includes corrections with respect to the original potential developed by Brenner and collaborators. 36 The modifications consist of an extended parameterization that regulates carbon-carbon interactions inside catalyst nanoparticles. On the other hand, the metal-carbon interactions are represented through a reactive potential 35 according to the Tersoff scheme 37 that takes into account the hybridization states of C atoms and distinguishes among dissolved and surface C atoms, according to atomic coordination criteria. Metal-metal interactions are described by the manybody Sutton-Chen potential 38 which has been successfully used to describe several properties of transition metals. [39] [40] [41] The metal/support interaction is parameterized: the adsorption strength of the catalyst nanoparticle to its support is set to 370 meV per atom (6.11 eV۰nm -2 ), an energy value which lies within the range reported for catalytic transition metal clusters supported on ceramic substrates such as Ag/MgO (1.43 eV nm -2 to 3.99 eV nm -2 ), 42, 43 Pb/MgO (4.81 eV nm -2 ), 43 and Cu/MgO (11.98 eV nm -2 ). 44, 45 The initial RMD system is formed by a carbide-like catalyst nanoparticle deposited on a rectangular monolayer substrate model. The substrate was placed at the bottom of a periodic box of the same cross sectional area as the area of the support, 3.98 nm wide (x-direction) and 3.88 nm deep (y-direction). A catalyst nanoparticle with the composition of cobalt carbide is then deposited on top of the substrate. The initial composition of the carbide-like particle is Co2C; however its structure is that which results when 80 carbon atoms are dissolved into the pure metal catalyst made of 160 cobalt atoms. The vacuum of the periodic box is set in 50 nm height, providing the necessary volume to bring the pressure down to values as low as ≈ 18 kPa. This value represents the lowest nonzero pressure that can be achieved in the precursor gas phase; it results in supplying one single precursor atom into the periodic box. The temperature and the volume of the system are kept constant throughout the simulation. The atomic velocities of the system are adjusted to a target temperature of 650 °C through a thermostat. 35 The integration of the equations of motion is done through the predictorcorrector algorithm, using an integration time step of 0.5 fs until a total simulation time of 50 ns has been reached.
In addition, the interactions between a Co2C nanoparticle and an MgO substrate are studied through AIMD simulations carried out using the Vienna ab initio simulation package (VASP) [46] [47] [48] [49] [50] with the Perdew-Burke-Ernzerhof exchange-correlation functional. 51 The projected augmented wave (PAW) pseudopotentials 52, 53 were employed to describe the electron-ion core interactions.
The plane wave describing the valence electron density was expanded up to a cutoff energy of 400 eV. Γ-point sampling of the Brillouin zone is used for integration in reciprocal space. The partial occupancies were assigned considering a Gaussian smearing with a 0.05 eV width. Before performing AIMD, the structures were allowed to relax using a conjugate gradient algorithm until the energy difference was lower than 10 -3 eV between consecutive relaxation steps and 10 -4
eV between electronic self-consistent steps. AIMD simulations were carried out using the NVT ensemble at 600 o C with the Nosé thermostat and a time step of 1 fs. Atomic charges were estimated using the Bader analysis of charges, 54, 55 in which the total charge of an atom is defined by the electron density enclosed by zero-flux surfaces. The AIMD model consists of a faceted Co2C nanoparticle containing 24 Co atoms and 12 C atoms (approximately 0.7 nm in diameter)
deposited on a 1.5 nm x 1.5 nm five-layer periodic slab of MgO substrate. This model emulates a supported nanoparticle at an early stage in the nanotube growth process, prior to the nucleation of the carbon structure at typical growth conditions: 600 °C and ultra-low C pressure. The (200) surface facet of MgO and the (020) (only Co atoms at the interface) and (210) (Co and C atoms at the interface) facets of Co2C were considered, as they have been observed and reported from environmental transmission electron microscopy (ETEM) studies. 25 Relaxation of the individual structures was performed allowing surface atoms to find positions of lower energy. In the case of MgO, the number of layers was selected based on convergence of the surface energy. In all cases of MgO relaxation, the two bottom layers were fixed at the bulk structure while the top layers were allowed to relax. Two different configurations (nanoparticle located epitaxial and almost non-epitaxial with respect to the MgO substrate) were used for each of the (200) and (210) surface orientations.
In situ experimental details
An environmental transmission electron microscope (ETEM), operated at 300 kV, was employed to capture images of SWCNT growth. Acetylene (C2H2) and CoxMo1-x/MgO were used as carbon precursors and a catalyst-support, respectively. The catalyst/support was prepared by wet chemical method as described previously. 56 The catalyst-support system was first heated to 750 °C in oxygen (100 Pa) to remove impurities such as gaseous hydrocarbon adsorbed on the surface of the catalyst-support system. This step also resulted in oxidizing the metal nanoparticles, but they become reduced prior to CNT formation. 25 Then the sample was cooled down to a SWCNT growth temperature at 650 °C in vacuum (10 -4 Pa) for 10 minutes before 0.01
Pa C2H2 was introduced. Atomic-resolution real-time videos were then acquired at 10 frames per second and used for phase identification. As the global carbon concentration stabilizes and the carbon cap nucleation starts, the catalyst nanoparticle undergoes minimal variations in its shape. During cap nucleation, the metal atoms decrease their tendency to spread on the substrate surface finding some structural stability, although some nanocatalyst height reduction is still seen in this period, as shown in Figure 3a .
The end of the nucleation stage takes place once the carbon cap completely covers the top of the catalyst surface (Figure 3a at 34 ns). When this event occurs, the catalyst nanoparticle finally stops spreading on the support and starts recovering some height as result of a counteracting force coming from the cap, which pulls the metal and dissolved carbon atoms upwards ( Figure   3a ). This phenomenon can be associated with step flow mechanisms observed through in situ experiments using an environmental TEM in which the catalyst particle undergoes a reversible deformation right before the cap lifts off. 27, 57 This elongation will be eventually followed by a shape recovery as result of the cap release. 27 We have recorded the catalyst shape dynamics in real-time using environmental TEM. Figure 3b shows that the catalyst spreads laterally, as shown by the decrease in the number of atomic layers, before cap nucleation. During cap nucleation at the catalyst nanoparticle surface (time period 13.6 s to 14.2 s), the catalyst nanoparticle height reduces the most. Then the catalyst stops spreading and its height recovers one atomic layer when the cap forms fully and starts to lift off.
The catalyst shape evolution in our in situ observations (Figure 3b ) qualitatively agrees with the simulated results, even though they are in different time scales (Figure 3a) and different precursor pressures. The accelerated dynamics employed in our simulation model 35 are able to represent well the behavior observed in the experiments due to the ability to model the mechanisms involved in the nucleation process (e.g. C dissolution, C bulk and surface diffusion, and C precipitation to the particle surface). These are simultaneously responsible for the changes in shape and composition in the nanoparticle.
a. (Figure 8 ). At the top of the catalyst (layer 3 in Figure 8 ), the cluster is almost depleted in carbon as the cap is being formed on the nanocatalyst surface. The carbon to metal ratio drops to as low as 0.1 (Figure 8 ). Metal subsurfaces depleted of C have also been observed during graphene growth on Ni(111) surfaces using X-ray photoelectron spectroscopy (XPS) suggesting that the presence of C free subsurface layers may act as catalyst for both diffusion of C from the bulk and desorption at the surface for incorporation of C to the graphene. 59 Classical molecular dynamics and DFT static optimizations of Ni and Fe floating catalysts during nucleation of SWCNTs have also demonstrated variations of the C concentration in the particle. 31, 33 In contrast with what is observed here with supported catalysts, the relative C distribution for the floating catalysts is found to be more homogenous throughout the nanoparticle 31 due to the incorporation of C atoms to the graphene, which also allows the graphene fragment to reorganize its structure including pentagons and inducing curvature into the structure. Typical meta-stable carbides present in the bulk Co-C phase diagram (e.g. Co2C and Co3C) can be formed following saturation of carbon in the solid solution, accompanied by carbon precipitation as graphene. 60 Our model emulates the limit of ultra-low pressure during growth, therefore diminishing the dynamics of C migration and incorporation of C to the graphene, and causing the global Co-C stoichiometry inside the nanoparticle to be stabilized as Co3C. provides insights into the fundamental phenomena driving the observed changes in the nanoparticle and allows the identification of key aspects for the formulation of models and mechanisms to better understand and control the catalytic process.
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Molecular simulations and in-situ high resolution microscopy reveal the existence of a carbon gradient inside the nanocatalyst during nanotube nucleation figure S1 is also apparent from the average minimum distance between atom pairs shown in numeral c. C-Mg and Co-Mg minimum distances are almost identical and C-O distances are slightly bigger and uniform across configurations, however C atoms relative arrangement seem not to be influenced by the substrate. Thus, inference about the evolution of the composition of the nanoparticle layer in contact with the substrate indicates that almost only Co atoms atop O atoms tend to be located at the interface and subsequent layers contain both C and Co atoms ( Figure S3 ).
b. a.
c. Figure S5 . Average atomic charges calculated using the Bader analysis of charges. Atomic charges for the substrate atoms are shown in the top panel and nanoparticle atoms in the bottom panel. A distinction between atoms located near the interface and those located elsewhere is made. Charge magnitudes of Mg and O are symmetrical and uniform across model systems. No significant difference is found between surface and inner-layer atoms in the substrate. C atoms located closer to the interface tend to be slightly more polarized than Co atoms and other C atoms in all cases; on the other hand interfacial Co atoms are more weakly charged than other Co atoms for the (020) cases, whereas the opposite is observed for the (210) cases. 
